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Most BK channels exist at the basolateral aspect of hair cells, where they cluster and colocalize with L-type voltage gated Ca 2ϩ channels (25, 26, 40) . Currents carried by BK channels and the number of BK channel clusters increase in high-frequency hair cells (7, 40) . The increase in channel clusters is at variance with the amounts of Slo transcripts that show an opposite decrease in high-frequency hair cells (21, 32) . The seeming paradox between mRNA and Slo surface expression gradients along the tonotopic axis is likely to be mediated by complex mechanisms. For instance, work from the Hudspeth and Duncan labs have shown that some of this paradox could be explained by alternative splicing with COOH-terminal isoforms at the low frequency end having retention signals that prevent surface expression (28, 32) . Similarly, we have shown ␤ 1 and ␤ 4 subunits that are expressed in low-frequency hair cells to decrease surface expression of Slo in these hair cells (9) . Furthermore, we and others have shown phosphorylation to affect Slo surface expression (8, 11, 43) . Both CDK5 and GSK3 bind to Slo and decrease its surface expression. CDK5 mediates its effects by direct phosphorylation while the effects of GSK3 phosphorylation are also mediated by interactions with ␤-catenin, which, in turn, promotes Slo surface expression (8, 11, 43) . In other work we have inferred gradients in kinase activity along the tonotopic axis with increasing PKA in low-frequency hair cells and increasing PKC activity in high-frequency hair cells (21) . In seeking explanations for the gradients in BK channel surface expression along the tonotopic axis, we identified the WD40 adapter protein receptor for activated PKC (Rack1) as a binding partner of Slo using a yeast two-hybrid screen. Here we explore the role of PKC on the surface expression of Slo.
MATERIALS AND METHODS
Materials. PMA and bisindolylmaleimide I (BIM1) were purchased from Calbiochem, BAPTA/AM was purchased from Santa Cruz, and [4.5] dec-7-yl]-3-methoxy-2-methyl-pentanoic acid was purchased from Biolegend. Stock solutions of all chemicals were prepared in DMSO, stored at Ϫ20°C, and diluted in DMEM right before use.
Yeast two-hybrid. Yeast two-hybrid experiments were done as described previously (34) . Briefly, the COOH terminus of Slo (aa 746-1114) was subcloned into pGBKT7 and used as bait to interrogate a chick cochlea cDNA library in pGAD T7 (Clontech, CA). AH109 cells were serially transfected with both constructs and plated on drop out medium lacking histidine, adenine, tryptophan and leucine. Single colonies were isolated and serially replated in similar conditions on plates containing X-Gal. Cultures from single isolated colonies were used for yeast mini preps. Plasmid was electroporated into DH101 Escherichia coli, grown in ampicillin and plasmid DNA isolated for sequencing.
DNA constructs (constructs information). Chicken Slo cDNA tagged with FLAG (NH 2 terminus) and yellow fluorescent protein (YFP-COOH terminus) was subcloned in frame into pcDNA6B vector using NheI and NotI restriction enzymes. Rack1 cDNA was subcloned using XhoI and EcorI restriction enzymes and inserted in-frame into the pECFP N1 vector. All constructs were confirmed by DNA sequencing, including the entire coding region.
Cell culture, transfections, and stable cell line generation. HEK (human embryonic kidney) cells (American Type Culture Collection, ATCC, Manassas, VA) were cultured in DMEM (high glucose) containing 50 units/ml each of penicillin and streptomycin and 10% FBS at 37°C in 5% CO 2. Initial transfections of FLAGcSlo-YFP in pcDNA6B were performed using Lipofectamine (Invitrogen) according to the manufacturer's instructions. Stable transfection and positive clones were selected in the presence of 8 g/ml blasticidin and screened by fluorescence-activated cell sorting.
Coimmunoprecipitations. Reciprocal immunoprecipitations (IPs) were performed with mouse monoclonal anti-FlagM2 antibody (Sigma) or mouse monoclonal anti-Rack1 B3 (Santa Cruz). Membrane-enriched protein lysates were generated 48 h after transfection with Rack1-CFP into a stable cell line expressingFLAG-cSlo-YFP. For Slo IPs 50 l anti-Flag M2-agarose was added to the lysates. The mixtures were incubated with constant agitation for 1 h at 4°C. For Rack1 IPs 500 l of cell lysates were incubated with 5 g of Rack1 B3 antibody on overhead shaker overnight. The immune complexes were captured using protein G-agarose columns loaded with 25 l of slurry and incubated with end-over mixing for 1 h. After the binding step, the beads were washed three times with washing buffer. To elute the proteins of interest 80 l of 2ϫ sample buffer was added to the resin. The samples were boiled for 5 min and collected by centrifugation. The eluted samples were separated on a precast 4 -15% Tris-Glycine SDS-PAGE gel (Bio-Rad). Proteins were transferred by wet transfer to polyvinylidene fluoride membrane (Roche). Western blots were probed with anti-FLAG antibody (M2, 1:1,000) followed by goat anti-mouse antibody-peroxidase conjugate (1:5,000) or mouse Rack1 antibody (BD) (1:2,000), followed by goat anti-mouse IgM (1:2,000), and followed by bovine anti-goat antibody-peroxidase conjugate (1:3,000) for 1 h at room temperature. Immunoreactive proteins were detected by using SuperSignal West Dura Extended Duration Substrate (Thermo scientific/Pierce).
Recycling assay. To assess the recycling of internalized cSlo channels (31) , HEK cells stably expressing FLAG-cSlo-YFP were incubated with anti-FLAG (M2) mouse antibody (Sigma) at 1 g/ml for 1 h to allow antibody-labeled channels to undergo internalization. After a quick PBS wash, the surface-bound antibody was removed with ice-cold stripping buffer containing 0.5 m NaCl and 0.5% acetic acid (pH 2.7). The cells were then reintroduced back in the culture medium Ϯ PMA for the appropriate time periods (20, 40 , and 60 min) to allow the recycling of the antibody-labeled internalized channels. After a brief PBS wash, the cells were briefly fixed with 2% paraformaldehyde in PBS. The surface (recycled) cSlo channels were then labeled with the secondary goat anti-mouse antibody conjugated to Alexa 647 (Invitrogen) for 30 min at RT, washed, and subjected to fluorescence-activated cell sort (FACS) analysis as described below.
In experiments using transferin, FLAG-Slo-YFP expressing HEK cells were incubated with Alexa-647-labeled human transferin for 45 min at 37°C. Cells were fixed in 4% paraformaldehyde and visualized using confocal microscopy.
Immunofluorescence detection of Rack1 and Slo. Immunofluorescence detection including quantitative immunofluorescence was done as described previously (12), with modifications. We used an LSM 510 meta confocal microscope (Zeiss) to obtain images and used the attendant Zeiss LSM software to analyze and extract data. Chickens were euthanized by CO2 asphyxiation, and their cochlea were removed and microdissected. The Institutional Animal Care and Use Committee (IACUC) at Yale University specifically approved this study (protocol number 2010-10439 "Studies on Hair Cell BK Channels"). For whole mount experiments the cochlea were fixed in washed in PBS (ϫ3) and placed in blocking solution (PBS, 1% BSA, 5% horse serum, 0.1% Tween 20). The tissue was washed again in wash buffer (ϫ3) and incubated with a 1:50 dilution of mouse anti-Slo antibody (BD/ Transduction labs) for 1 h at RT. Alexa 488 goat anti-mouse antibody (1:1,000) was added after washing the tissue (ϫ3) and incubated for an additional 1 h. Tissue was then incubated in 1:500 Alexa 546-conjugated anti-Rack1 antibody (Transduction labs) in blocking solution overnight at 4°C. After being washed in PBS, 0.1% Tween 20 (ϫ3), the tissue was mounted in Vectashield (Vector) and viewed using a Zeiss 510 meta confocal microscope. Sixteen bit images were acquired using a 64ϫ water immersion lens (numerical aperture 1.2), with fixed laser settings, a scan rate of 1.6 microseconds per pixel, a pinhole aperture of 1.0 Airy units, and fixed detector gain. Regions of interest of tall hair cells from fixed distances from the apical end of the cochlea were identified, and fluorescence data extracted. We established that the fluorescence intensity was within the linear range and used mean fluorescence density as a measure of protein concentration. Surrounding supporting cells where there is minimal Slo expression were used to subtract background fluorescence. Cells from three individual cochlea were used for these analyses. The specificity of the antibodies was established by Western blots of cell lysates from cells with the respective constructs. Both antibodies identified bands of the expected size with minimal additional bands. For experiments using PMA and monensin, chick cochlea were kept in culture in the presence of PMA, monensin, or DMSO (control) and labeled Slo detected as described previously (11) in hair cells ϳ1.5 mm from the apical end.
Fluorescence resonance energy transfer. HEK cells were transfected with human Slo (hSlo)-YFP and Rack1-CFP (or CFP), and fluorescence resonance energy transfer (FRET) was evaluated 48 h later. For these experiments, cells were fixed in ice-cold acetone, rehydrated, and mounted in Vectashield. Sixteen bit images were acquired with a Zeiss 510 confocal microscope using a 64ϫ water immersion lens (numerical aperture 1.2), with fixed laser settings, a scan rate of 1.6 microseconds per pixel, a pinhole aperture of 1.0 Airy units, and fixed detector gain. Regions of interest were demarcated, and emission spectra from each of these areas were determined using a Zeiss LSM 510 meta detector while exciting at 458 nm and separately at 514 nm. Photobleaching was done at 514 nm with the excitation of the 40W argon laser set at maximum until the YFP emission decreased 50% (ϳ20 s). To minimize photo damage and bleaching of adjacent sections in the z-axis the aperture was kept at 1 Aiery unit. Immediately after bleaching, the emission spectra from the regions of interest were again recorded while exciting at 458 nm. The amounts of emission in the CFP window (474-485) before and after photobleaching were quantified using the LSM 510 software and used to calculate FRET efficiency. The percentile efficiency of FRET was defined as fret efficiency (percentile) ϭ (Ea Ϫ Eb)/Ea ϫ 100, where Ea and Eb are the emissions of CFP (at 474-494 nm) after and before photobleaching, respectively (27) .
FACS analysis. To investigate whether the activation or inhibition of PKC influence the membrane surface expression of cSlo, the cells were treated with the chemicals listed below, and the effects were analyzed by FACS. The constructs used for these experiments had an (extracellular) epitope tagged to its NH2 terminus (FLAG for chick Slo) and Myc for hSlo HEK cells stably expressing FLAG-cSlo-YFP were preincubated in culture media lacking serum for 3 h and treated with either 15 nM PMA (PKC activator) or 2 M monensin for 2-4 h. Where 30 nM BIM-1 (PKC inhibitor) and 50 M BAPTA (Calcium chealator) were used, the cells were pretreated with these chemicals at the indicated concentrations for 30 min before PMA was added. After the incubation, live cells were harvested, fixed in 1% formaldehyde, and stained with anti-FLAG (M2) mouse antibody (Sigma) in PBS at 4°C. After a brief wash with PBS, the secondary goat anti-mouse antibody conjugated to Alexa 647 (Invitrogen) was used. After another PBS wash cells were briefly fixed in 1% paraformaldehyde. FACS was performed on a two laser Calibur (BD) machine using the supplied software. FACS data were subsequently analyzed with FlowJo software (Tree Star, Ashland, OR).
Transient transfections of hSlo and its phosphorylation site mutants were used for FACS analysis as previously described. We determined surface expression of control and mutants by using a live staining method. Briefly, live cells were harvested, fixed, and incubated with anti-Myc conjugated with Alexa 647 (Cell Signaling) in PBS and 1% BSA at room temperature for 30 min. The cells were then fixed in 1% paraformaldehyde before analysis on a Facscalibur machine (BectonDickinson).
To control for changes in intracellular expression of Slo channels affecting surface expression levels in specific phosphorylation mutants of Slo, we also determined total expression of Slo by intracellular staining for Slo in the same batch of cells. In brief, harvested cells were fixed and permeabilized by perm/fix buffer (BD Biosciences) at 4°C for 15 min. The cells were then incubated with mouse anti-Slo-antibody directed against its intracellular COOH terminus (Cat No.: 611248 BD Biosciences) at a concentration of 1 g/ml in PBS and 1% BSA at 4°C. The primary antibody was detected in turn with a secondary anti-mouse antibody conjugated to Alexa 647. The cells were fixed briefly in 1% paraformaldehyde before analysis. FACS analysis was carried out with FlowJo software (Tree Star, Ashland, OR) as described previously (33) . Because instrument settings could vary between experiments, we normalized all data to surface-labeled hSlo expression and separately intracellular hSlo expression. Relative surface expression was determined by dividing the mean fluorescence intensity of surface-labeled Slo by the mean fluorescence intensity of total labeled Slo.
Data analysis. All results are given as means Ϯ SE. Where appropriate, ANOVA was used to test for significance in differences.
RESULTS
Rack1 interacts with Slo. We used yeast two-hybrid screening to identify Slo interacting proteins (Fig. 1 ). For these experiments we used the COOH terminus of Slo from amino acids 746-1114 (NP_989555.1KCNMA1). Yeast AH109 cells were sequentially transformed with Slo in the pGBKT7 vector and then with a chick cochlea cDNA library in the PGADT7 vector. Double transfectants were then plated on dropout medium lacking tryptophan, leucine, histidine, and adenine (-Trp/-Leu/-His/-Ade). We identified several clones (27) of which three contained a partial cDNA sequence for Rack1 (Fig. 1) . Rack1 is an adaptor protein that targets PKC to its targets, but recent data have also shown that Rack1 can affect physiological functions independent of PKC (1). All three of the clones contained the identical cDNA sequence, suggesting that they were derived from the same clone before amplification of the cDNA library. The cDNA encoded amino acids 88-317 of chick Rack1 (gene id 417044 GNB2L1).
We sought to confirm the interaction between Slo and Rack1, since yeast two-hybrid screens can identify nonspecific interactions (particularly in nonstringent conditions, which, however, did not apply in our particular instance). We used reciprocal immunoprecipitation after transfection of Rack1-CFP into a stable cell line expressing FLAG-Slo-YFP to confirm interactions between Slo and Rack1. As shown in Fig. 2 , we were able to reciprocally immunoprecipitate both proteins, confirming a strong interaction between the two proteins.
We also sought to determine if the interaction occurred in more physiological conditions. We used FRET to confirm interactions between the two proteins in the cell. We transfected Rack1-CFP (the entire open reading frame of Rack1 to which CFP was fused at the very COOH terminus of Rack1) into a permanent cell line expressing Slo-YFP (the entire open reading frame of Slo to which YFP was fused at the COOH terminus of Slo). We used acceptor photobleaching to confirm FRET. As shown in Fig. 3 , acceptor (YFP) photobleaching resulted in an increase in donor (CFP) fluorescence in cells expressing Slo-YFP and Rack1-CFP. In contrast, cells expressing Slo-YFP and CFP showed a decrease in donor fluorescence after acceptor photobleaching. These data confirm proteinprotein interactions between Slo and Rack1.
We then sought to determine if Slo and Rack1 colocalize in hair cells. For these experiments we used antibody labeling in chick cochlea and then used confocal microscopy to detect the presence of these proteins in hair cells. As shown in Fig. 4 , Slo is colocalized with Rack1 in these hair cells. In particular we note the presence of Rack1 in clusters of Slo at the surface of the cell.
Increasing PKC activity increases Slo surface expression. We sought to determine the effects of increasing protein kinase activity on Slo surface expression. Recent data have shown increasing PKC activity to bring about variable surface expression of a number of receptors and ion channels (13, 29, 31) . For these experiments we used the stable cell line expressing FLAG-Slo-YFP. The FLAG tag at its NH 2 terminus lies on its extracellular surface and allows us to identify Slo expressed on the surface of the cell.
Cells treated with the PKC activator PMA at 15 nM had increased surface expression of Slo. Figure 4 shows FACS analysis of nonpermeabilized cells stained with anti-FLAG antibody, which shows increased surface staining of cells (right shift) with PMA treatment (Fig. 5 ). This effect was partially A: stable human embryonic kidney (HEK) cell line expressing FLAG-Slo-YFP was treated with 15 nM PMA and 0.001% DMSO (control). Cells were fixed after 6 h and labeled with anti-FLAG antibody Alexa 648 and Alexa 648 fluorescence detected by fluorescence-activated cell sort (FACS). There is an increased Slo expressed on the surface of the cell after 6 h of PMA treatment. B and C: effect on increased surface expression produced by PMA is inhibited by bisindolylmaleimide I (BIM1; B) and the cell permeable Ca 2ϩ chelator BAPTA-AM (10 M; C). These data suggest that PMA activates a conventional PKC isoform (␣, ␤, ␥) to produce its effects. D: treatment with monensin resulted in an increase in Slo surface expression similar to that seen after addition of 15 nM PMA. Monensin is an inhibitor of endocytosis at the plasma membrane as well as an inhibitor of the endoplasmic reticulum-Golgi transition. blocked by cotreatment with 30 nM BIM1 (Fig. 5) . BIM1 is a cell permeable inhibitor of conventional (␣, ␤, ␥) and novel (␦, , ⑀, ) PKC isoforms (3, 13) . Moreover, the effect was also largely blocked by treatment with the membrane permeable Ca 2ϩ chelator BAPTA-AM (Fig. 5) . These data confirm that the effect of PMA was likely due to activation of one of the Ca 2ϩ -dependent (conventional) PKC isoforms (␣, ␤, ␥) (3, 13) . Increased surface expression of Slo is in part due to membrane recycling. We sought to determine how increased Slo expression on the surface of the cell was brought about. The increased surface expression was seen within a short period of time and was not accompanied by an increase in total expression of Slo. We sought to determine whether the increased surface expression of Slo brought about by PKC was due to effects on membrane recycling. In initial experiments we determined that addition of 2 M monensin resulted in an increase in Slo surface expression similar to that seen after addition of 15 nM PMA (Fig. 5) . Monensin is a well-known inhibitor of endocytosis at the plasma membrane as well as an inhibitor of the endoplasmic reticulum-Golgi transition (10, 22, 46) . Moreover, the effects of monensin and PMA were additive when the two chemicals were used together (data not shown). The latter result suggested that activation of PKC resulted in increased surface expression of Slo at least partially from increased delivery of recycled endosomes.
To test the possibility that PKC activation resulted in increased delivery of recycled endosomes we used a recycling assay to determine how PKC activation affected Slo recycling (31) . As shown in Fig. 6 , there was an increase in endocytosed Slo molecules delivered to the surface of the cell upon treatment with 15 nM PMA. Moreover, we also demonstrate that Slo colocalizes with transferrin receptor confirming that Slo channels are recycled into endosomes (Fig. 6) .
Increased Slo surface expression in response to PKC activation results from an indirect effect and not due to direct phosphorylation of Slo. To ascertain if the effects of PKC activation were due to a direct phosphorylation of Slo, we sought to mutate specific PKC phosphorylation sites in Slo and determine whether these had any effect on PMA mediated surface expression. For these experiments we used published data from Dr. Jim Trimmers laboratory that identified specific phosphorylation sites of Slo by mass spectroscopic analysis of Slo purified from rat brain. Of 13 predicted conventional PKC phosphorylation sites [residues T111, S340, S512, S639, S655, S855, T901, S1026, S1065, S1070, S1076, S1077, and S1101 with numbering based on figure in (49)] predicted by two phospho-prediction programs (Netphos 1.0 and GPS 2.1) five residues (655, 855, 1065, 1076, 1077, and 1081) were identified as phosphorylated. One additional residue (642) was identified as a target of PKC ε (ε), which we included in our analysis since BIM1 and BAPTA were able to only partially block the effects of PMA, raising the possibility that some of the PMA effects could be due to unconventional PKCs. Three of these sites (642, 655, and 855) were also identified as potentially phosphorylated by CDK5 and we have presented data previously that phosphorylation of these residues does not increase surface expression of Slo (8) . Despite repeated attempts we were unable to make phosphomimetic and phosphodeletional forms of S1081. As before, since the specific phosphorylation sites were initially identified in human Slo, we used hSlo for these experiments. We first made phospho-null mutants and determined whether these mutants showed altered surface expres- Fig. 6 . Increased Slo surface expression in response to PKC activation results in part from increased recycling of endocytosed Slo. To assess the recycling of internalized cSlo channels, the FLAG-cSlo-YFP stably expressing cells were incubated with anti-FLAG antibody for 1 h to allow labeled channels to undergo internalization. The surface-bound antibody was removed with stripping, and the cells were then reintroduced back in the culture medium Ϯ PMA for varying period(s) to allow the recycling of the antibody-labeled internalized (endocytosed) channels. The cells were fixed with paraformaldehyde. The surface (recycled) cSlo channels were then labeled with secondary AB conjugated to Alexa 647 (Invitrogen). A-C: shown are confocal images of HEK cells expressing FLAG-cSlo-YFP that were subject to a recycling assay and demonstrate recycled Slo on the surface of the cell. Cells treated with PMA for 20 min show an increase in recycled Slo (C), compared with comparable control cells at time 0 (A) and at 20 min (B). D: presence of recycled Alexa 647 labeled cSlo channels were quantified by FACS. Shown is the percentile increase in surface labeled cSlo in PMA-treated cells compared with controls. There was an increase in recycled Slo molecules delivered to the surface of the cell upon treatment with 15 nM PMA compared with control at 20 min that sustained itself for over 1 h (mean fluorescence ( Ϯ SE). E-G: shown are confocal images of HEK cells expressing FLAG-cSlo-YFP that were treated with transferrin (50 g/ml) for 60 min. Cells were fixed and analyzed by confocal imaging. Slo-YFP (E) partially colocalizes with transferrin (F) with the merged pseudo-colored images shown in G (Green-Slo, Red-transferrin, and colocalized proteins in yellow). Arrows indicate internalized transferrin receptor. The images were obtained in the midplane of the cell. sion when treated with PMA. As shown in Fig. 7 , all but one of these mutants showed no change in baseline surface expression and all of them responded to PMA treatment with an increase in Slo surface expression. One mutant, S642A, showed a minimally increased surface expression, as we have documented previously (8) . Moreover, none of the phosphomimetic mutations at these sites showed increased surface expression (Fig. 7) . Together these data confirm that the effect of PMA treatment is mediated indirectly and not by phosphorylation of Slo [note that 647D shows decreased surface expression consistent with its phosphorylation with CDK5, which decreases Slo surface expression in contrast to PKC (8) ].
Slo channel clusters in hair cells increase in response to PKC and show recycling. We sought to ascertain if increased PKC activity could bring about an increase in surface expression of BK channels on the surface of hair cells. We treated hair cells in culture with PMA and determined whether there was increased Slo delivered to the surface of the cell. As shown in Fig. 8 hair cells in chick cochlea that were treated with PMA for 3 h showed increased BK channels on their surface evidenced by increased Slo clusters compared with hair cells in untreated cochlea. We have previously noted that Slo channels in hair cells are clustered on the surface of hair cells. Although we were technically unable to determine whether the increase in BK channels in hair cells was due to membrane recycling, we note that monensin produces an increase in hair cell BK channel clusters, suggesting that membrane recycling is an active mechanism in hair cells.
DISCUSSION
In this article we demonstrate two important and interrelated findings. We show that Rack1 interacts with Slo and that PKC induces increased surface expression of Slo likely through effects not mediated by direct phosphorylation of Slo.
The interaction between the two proteins was established with yeast two-hybrid experiments, and subsequently confirmed with reciprocal immunoprecipitations and FRET experiments. These data largely validate a previous study showing an interaction between Slo and Rack1 by yeast two-hybrid experiments (24) . That study demonstrated the functional effects of its association with Rack1 on the biophysical properties of Slo.
Our data show a functional effect of PKC on surface expression of Slo. Moreover, we show that the increased surface expression of Slo is mediated in part by increased delivery of recycled Slo. These data are congruent with effects of increased PKC activity on the surface expression of other membrane proteins (13, 29, 31) . In one instance the increased surface expression of transient receptor potential vanilloid induced by PKC was mediated by decreased endocytosis (13) . We don=t believe this to apply to Slo in HEK cells since we were unable to demonstrate decreased endocytosis of Slo using an endocytosis assay (Bai and Navaratnam, unpublished observations). Moreover, we determined that the addition of PMA and monensin was additive, suggesting an absence of endocytosis of Slo with PMA treatment since monensin brings Fig. 7 . Increased Slo surface expression in response to PKC activation is not due to direct phosphorylation of Slo. The following phospho-null mutants S642A, S1065A, S1076A, and SS1076/77AA were created and tested for Slo surface expression with or without the PMA treatment. All but 1 (S642A) of these mutants showed a change in baseline surface expression, and all of them responded to PMA treatment with an increase in Slo surface expression. In addition the following phospho-mimetic mutants S1065D, S1076/77DD, and S1076D were tested. They also didn=t alter Slo surface expression and responded to PMA treatment with increased Slo expressed on the surface of the cell. These results were replicated in 3 independent experiments. about increased membrane protein expression largely by decreased endocytosis.
Our data showing sharp colocalization of Rack1 with PKC suggest that Rack1 has a role in mediating Slo function in hair cells. Because Rack1 was first identified as an adaptor protein that mediates interactions between PKC and its target proteins, mediation of PKC effects on Slo seemed to be an obvious effect of its interactions with Slo (38) . However, although we were able to demonstrate an effect of PKC activity on Slo surface expression, we were unable to confirm that the effect was mediated by direct phophorylation. None of the phosphomimetic mutations of established PKC phosphorylation sites of Slo showed effects on surface expression that were similar to PMA treatment. Furthermore, PMA treatment of phosphodeletional mutants at all these sites produced an increase in surface expression consistent with an indirect effect. In this context the absence of a direct effect of PKC phosphorylation raises the possibility that Rack1 interactions with other proteins, which mediate other pathways, in turn mediate the surface expression of Slo (1). For instance Rack1 also binds the Src, Fyn, and FAK kinases (as does Slo), and it is possible that the effects on Slo surface expression are mediated through cross talk between PKC affecting any one of these kinase pathways (2, 14 , 38, 41, 48) . However, an effect of Src, Fyn, and FAK kinases on surface expression of Slo has not been determined. In contrast, we have demonstrated an effect of CDK5 that reduces Slo surface expression by direct phosphorylation (8) . It is possible that PKC brings about its effects through affecting CDK5, although these effects are confounding. It is also possible that Rack1 inhibits CDK5 activity although a direct interaction between CDK5 and Rack1 has yet to be demonstrated. Irrespective of these theoretical concerns, it is unlikely that increased Slo surface expression by PMA treatment is brought about by decreased CDK5 activity, since phosphodeletional mutants of CDK5 phosphorylation sites in Slo also show increased surface expression in response to PMA treatment (Bai and Navaratnam, unpublished observation). Finally, more recent data have also shown that Rack1 increases signaling through the planer cell polarity pathway and downregulates Wnt signaling, and we showed that Slo affects Wnt signaling through its interactions with ␤-catenin (11, 30) . Irrespective of these effects, however, it is likely that Rack1 serves as an adapter protein for PKC, owing to the widely demonstrated effects of PKC on the kinetic properties of Slo.
Our data show effects of PKC on increasing Slo surface expression in HEK cells that was paralleled by similar data in hair cells. Because the effects of PKC on Slo surface expression in HEK cells was mediated in part by increased recycling, these data raise the possibility that a similar mechanism operates in hair cells. Our data showing monensin increasing Slo surface expression in hair cells suggest that membrane recycling occurs in hair cells and raise the possibility that PKC brings about increased surface expression of Slo in hair cells by a similar mechanism. Although seemingly obvious as a mechanism that operates in hair cells, our findings nevertheless are the first data supportive of the possibility that membrane recycling occurs in hair cells. In this context it is interesting to note that PKC has been shown to inhibit Slo channel opening by direct phosphorylation of the protein (50, 51) . Moreover, conditional phosphorylation of Slo by PKC determines its subsequent susceptibility to both PKA and PKG activation (50, 51) . These effects have been observed in both BK channels in vivo as well as heterologously expressed channels (42, 45, 47, 50, 51) . Our data on the surface expression of the protein suggest that the effects of PKC are even more complex, on the one hand decreasing currents by a direct effect and yet increasing BK channel expression on the surface of the cell.
In conclusion we show that PKC mediates expression of Slo on the surface of hair cells. This effect is likely an indirect one based on our data in HEK cells. Because of our prior data showing increased PKC activity in high-frequency hair cells, these data raise the possibility that increasing expression of Slo on the surface of high-frequency hair cells is brought about by increasing membrane recycling induced by PKC. Given the widespread expression of BK channels in both neurons and smooth muscle cells and the ubiquitous presence of PKC, it is possible that PKC regulation of BK channel expression on the surface of cells is a general mechanism that therefore influences a number of physiological events (39, 42, 44, 47) .
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